We report an inelastic neutron scattering study of spin excitations in the spin-1/2 alternating bond antiferromagnet Cu(NO 3 ) 2 ·2.5D 2 O for 0.06 < k B T /J 1 < 1.5. In the low temperature limit the excitation spectrum is dominated by a coherent singlet-triplet mode centered at J 1 = 0.442(2) meV with sinusoidal dispersion and a bandwidth of J 2 = 0.106(2) meV. A complete description of the contribution to the dynamic correlation function from this mode is provided by the Single Mode Approximation. At finite temperatures we observe exponentially activated band narrowing and damping. The relaxation rate is wave vector dependent with the periodicity of the reciprocal lattice. 75.10.Jm, 75.40.Gb, 75.50.Ee Typeset using REVT E X 1
Phonons and spin waves are propagating small amplitude oscillations of a static order parameter in a broken symmetry phase. Quantum antiferromagnets with a gap in their excitation spectra can also support coherent wave-like excitations, but these differ from phonons and spin waves in that they move through a system with no static order. Specific examples of such systems include the spin-1 chain [1] , even-leg ladders [2] , and the alternating bond spin-1/2 chain [3, 4] . Since they are not based on the existence of a static order parameter that sets in at a well defined transition temperature, the excitations in these gapped quantum magnets are expected to emerge smoothly with decreasing temperature as short-range antiferromagnetic correlations develop.
In this letter we document this unique cooperative behavior through an experimental study of the temperature dependence of magnetic excitations in an isotropic, orderparameter-free quantum magnet. Specifically, we have studied magnetic excitations in the alternating spin-1/2 chain copper nitrate (Cu(NO 3 ) 2 · 2.5D 2 O) as a function of wave vector, energy, and temperature. The spin Hamiltonian for this system can be written [3, 4] 
Because the ratio J 2 /J 1 ≈ 0.24 is small [4] [5] [6] it is useful to think of copper nitrate as a chain of pairs of spins-1/2. Each pair has a singlet ground state separated from a triplet excited state at J 1 ≈ 0.44 meV. The weak inter-dimer coupling (J 2 ≈ 0.11 meV) yields a collective singlet ground state with triplet excitations that propagate coherently along the chain at low temperatures. We have characterized the dynamic spin correlation function S(Q, ω) in the temperature range 0.06 < k B T /J 1 < 1.5, in considerable detail. We find that heating yields thermally activated band narrowing and an increased relaxation rate that varies with wave vector transfer with the periodicity of the reciprocal lattice.
Copper nitrate, Cu(NO 3 ) 2 · 2.5D 2 O, is monoclinic with low temperature lattice parameters a = 16.1Å , b = 4.9Å , c = 15.8Å , β = 92.9
• , and space group I2/c [7] . The vector connecting dimers center to center along the chains is u 0 = [101]/2. The vector d 1 connecting spins within a dimer makes an angle 3.15
• with u 0 , and its projection d 1 ·û 0 = 0.4806u 0 .
Thus the chains zig-zag slightly, and the bond lengths associated with J 1 and J 2 are different. The sample used had mass 14.09 g, and consisted of four 92% deuterated, co-aligned single crystals, each with dimensions approximately 1.5 × 1 × 0.8 cm 3 [8] .
Inelasic neutron scattering measurements were performed on the inverse geometry time of flight spectrometer IRIS at the Rutherford Appleton Laboratory, UK [9] . Disk choppers selected an incident spectrum from 1.65 meV to 3.25 meV pulsed at 50 Hz and a backscattering pyrolytic graphite analyzer bank selected a final energy E f = 1.847 meV. The Half
Width at Half Maximum (HWHM) incoherent elastic energy resolution was δE 0 = 10.5 µeV.
The b * direction of copper nitrate was held perpendicular to the horizontal scattering plane and the chain axis pointed towards the low angle part of the analyzer bank at an angle of
19.4
• to the direct beam. The direction for the β = 92.9 o rotation of the a axis into the c axis coincided with the direction of decreasing scattering angle. The measured count-rates were normalized to incoherent elastic scattering from the sample [10] to provide absolute
is the magnetic form factor for Cu 2+ [11] , and S(Q, ω) is the dynamic spin correlation function [12] which we assume to be isotropic in spin space. We present our data as a function of wave vector transfer along the chainq = Q · u 0 , but it should be noted that the experiment actually probes a circular trajectory in the a * -c * reciprocal lattice plane and that this was taken into account in the analysis. with the predictions of perturbation theory [13] . The mode has the periodicity 2π of the onedimensional reciprocal lattice, and its minimum energy occurs atq = n·2π. The wave vector dependence of the energy integrated intensityh Ĩ (Q, ω)dω is sensitive to the structure of the ground and excited states because it is proportional to the square of the corresponding transition matrix element [12] . Inspection of Fig. 1(a) indicates that the periodicity of this matrix element in wave vector space is different from that of the dispersion relation. While the integrated intensity does appear to vanish for Q → 0 consistent with a singlet ground state, it is not symmetric aboutq = n · 2π, and does not vanish atq = 4π. This is because d 1 , and not u 0 controls the Q-dependence of the matrix element [14] .
The total spectral weight of the mode is
which may be compared to the value of S(S + 1) = 0.75 expected from the total moment sum rule. Because the mode appears to exhaust the spectral weight of the isotropic spin system, we infer that it must be a triplet [15] .
When most of the spectral weight in the excitation spectrum of a many body system is carried by a single, coherent mode, sum-rules almost completely determine S(Q, ω) [16] .
Within the so-called Single Mode Approximation (SMA) [17, 18] S(Q, ω) at T = 0 for a coherent mode with dispersion relation ǫ(Q) takes the form
The first moment sum-rule [16] implies that the equal-time structure factor is given by
The vectors {d} index all exchange interactions felt by a single spin. We plot the first moment of the data,h Fig. 2(a) .
A fit based on Eq. 4, including only the intra-dimer correlation S 0 · S d 1 shows excellent agreement between the model and the data. We now proceed to a comprehensive analysis of the data in Fig. 1(a) , using Eq. 3 and 4 and knowledge of the instrumental resolution [9] . This is a strict test of the SMA, and gives an accurate determination of the dispersion relation. We used the following variational expression for the dispersion relation [13] :
wherein the vectors {u} connect neighboring dimers center to center, both within and between the chains. In this fit it was necessary to take into account double neutron scattering events involving elastic incoherent nuclear scattering followed or preceded by coherent inelastic magnetic scattering. We believe that such processes are responsible for the weak and almost wave-vector independent band of magnetic neutron scattering that is visible in Fig. 1(a) .
From the excellent fit shown in Fig. 1(d) , we conclude that the SMA provides an accurate description of the dynamic spin correlation for copper nitrate at low temperatures. The fit gives J 1 = 0.442(2) meV and J 2 = 0.106(2) meV for the two intra-chain interactions and J L = 0.012(2) meV and J R = 0.018(2) meV for the two nearest neighbor inter-chain exchange interactions, which parametrize couplings between dimers separated by the vectors (5) which we obtain is measurably smaller than the value J 2 /J 1 ≈ 0.27 [4] derived from magnetic susceptibility data. A likely explanation for this discrepancy is that susceptibility measurements cannot distinguish intra-chain from interchain interactions.
Although triplet wave packets propagate coherently in the low temperature limit, this does not imply that they do not interact with each other. Only when a finite density of triplets are present, created for example by heating the sample, can triplet-triplet interactions be detected through their effect on the lifetime of excited states. The signature of a finite lifetime is an increased linewidth, which is indeed seen in the T = 2 K and 4 K data sets in Figs. 1(b) and 1(c), and in the cuts through these same data sets atq = 2π and q = 3π shown in Fig. 3 . These figures also show that the linewidth increases more with T atq = 2π than it does atq = 3π, and that the bandwidth for the effective sinusoidal dispersion relation shrinks with increasing T . These effects are quite subtle and to extract the intrinsic behavior it is important to take resolution effects properly into account. To do so we modified the model used at T ≈ 0 as follows. The δ−function in Eq. 3 was re-placed by a normalized Gaussian with HWHM δE(q) that includes the instrumental energy resolution. The functional form for the dispersion relation (Eq. 5) was maintained, but to account for the bandwidth narrowing that is apparent in the raw data, we introduced an overall renormalization parameter relating the finite T "effective" exchange constants in the variational dispersion relation to the bare temperature independent exchange parameters: To determine the T −dependence of these effects we performed a global fit of the generalized expression for S(Q, ω) to the entire data set at each temperature. A variational
was used for the relaxation rate. The fits obtained are excellent as can be ascertained by comparing the left and right columns in Fig. 1 and the solid lines through the data in Fig. 3 .
The agreement with the local fits is also very good, as shown by the solid lines in Fig. 2(b) and (c), which were also generated from these global fits. We note that the quality of the fits did not change significantly when we used a Lorentzian rather than a Gaussian spectral function.
The temperature-dependent parameters derived from this analysis are shown in Fig. 4 . Fig. 4 Fig. 4(a) ). The Random Phase Approximation (RPA) applied to interacting spin dimers [19] [20] [21] predicts that the bandwidth renormalization factor, n(T ) also follows the singlet triplet population difference so we compare our data to ∆n(βJ 1 ) in Fig. 4(b) .
While there is qualitative agreement, the RPA clearly predicts more bandwidth narrowing than is actually observed.
There appears to be no simple way to understand the temperature and wave-vector 
we also obtain excellent fits with α 0 = 1.0(2), γ 0 = 0.13(4) meV, α 1 = 0.6(2), and γ 1 = 0.10(1) meV.
In summary, we have examined dynamic spin correlations in the strongly alternating spin chain Cu(NO 3 ) 2 · 2.5D 2 O for 0.06 < k B T /J 1 < 1.5. For k B T ≪ J 1 we find a coherent dispersive triplet mode whose contribution to the dynamic spin correlation function is perfectly accounted for by the SMA, and we have determined accurate values for all significant exchange constants in the material. Upon heating, the sharp dispersive mode gradually deteriorates through band-narrowing and the development of a wavevector-dependent lifetime.
A semiclassical theory for finite-T excitations in gapped spin chains was recently developed by Sachdev and Damle [22] . It relies on ∆/J being a small parameter as is the case for the Haldane phase of spin-1 chains, and in weakly dimerized spin-1/2 chains. In copper nitrate the spin gap is instead much greater than the magnetic bandwidth. Our data should provide a focus for theoretical attempts to describe finite temperature properties in this "strong coupling" limit.
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